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Aromatic Ring Proton Determination by Inf ra red  In t ens i ty  
Keasurenent i n  the  1650-2000 Yavenumber Region 
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The inf ra red  absorgtion snec t ra  of  aromatic con?ounds i n  the  1650-2000 cm-l 
reyian are w e l l  known t o  be cha rac t e r i s t i c  of r ing  subs t i tu t ion  pattern (5) .  
observed frequencies i n  benzene derivatives have been assi,gned t o  overtones and 
com';.inations of =CH out-of-plane defonraticns (4). 
h a  been e?.?loyed fo r  the d e t e n i n a t i o n  of t o t a l  a r o m t i c s  i n  petroleum d i s t i l l a t e s  
(2) .  

co3bination tones i n  the  1650-2000 c m - 1  region and such is  the case for polynuclear 
h:drocarbons (3) and o l e f in i c s  (1). In the  course of a survey of the absorption of 
a rora t ics  at equimolar concentration in  carbon tetrachloride,  it was  observed that 
the  in tecra ted  in t ens i ty  over the  e n t i r e  absorption band complex i n  the 1650-2000 
cm-' re:;ion a p x a r e d  t o  be a nonotonic function of number of aromatic r ing  protons. 
Tiis -he rva t ion  prox?ted a de ta i l ed  study of the  re la t ionship  between integrated 
intensit:: and arcxz t ic  s t r x t a - e  vnich is  repcrted i n  t h i s  9aper. 

The 

The absorption i n  t h i s  region 

Most comDounds v i t h  =CH ou.t-of-plane d e f o m t i o n  v ibra t ions  i n  the  750-1000 
reZion may a l s o  be e-ected t o  exhibit  absorption bands due t o  overtones and 

Zxxperimental 

A l l  compounds were aF.mrently of su f f i c i en t  pu r i ty  s o  as t o  be used as is, 
~ t t h o u t  p x i f i c a t i z n .  Snectra were obtained, where s o l u b i l i t y  permitted, a t  0.5 
molar concentration i n  carbon tetrachloride,  i n  path len*hs of 0.5 t o  2 mm., with 
solvent coxpensation i n  the reference beam. 
o r  0.2 m. c e l l  paths. ComFounds of l i n i t e d  so lub i l i t y  were analyzed a t  a path 
l e q t h  sf 5 mi. Spectra were obtained i n  a].?. cases on a Becimn IR-12 inf ra red  
opectrc;photor!eter i h s h e d  with dry air t o  rerxove a l l  but t races  of water vapor. 
Spectra were m ' i n  absorbance on a 2x absc issa  sca le  a t  noderately high resolving 
?over t o  3ermit resolution of c lose ly  overlapping bands. Areas under the absorption 
bands were rneasured with a planirneter. 
the  abscissa t o  in te rcegt  the  abso-tion a t  2000 m-1. 
calculated i n  F rac t i ca l  un i t s ,  cn-1 1 mole-1, 10.3 10 basis. 

A few samples were run "neat" i n  0.1 

Baselines were usually drawn p a r a l l e l  t o  
Integrated in t ens i t i e s  were 

33ectra in  the  l 6 5 O - N O  c2-l region of a rcna t ic  hydrocarbons (0.5 molar, 
0.7 xr. :%tin), selected t o  i l l u s t r a t e  the charac te r i s t ic  absorption in t ens i t i e s  
2 s  a :?unction of r i m y  t-fle and subs t i tu t ion ,  a r e  shown i n  Figure 1. These.spectra 
are f acs i ? i l e  presentations which a l s o  can be used as a guide t o  deternination of 
rir?; t ; ~  o r  subs t i tu t ion .  
dezree of sv .5s t i tu t im.  In tezra ted  i n t e n s i t i e s  for a of aromitic hydrocarbons, 
selected t 2  repr$sent a l l  the twelve possible c lasses  of subs t i tu ted  benzenes, along 
with values f o r  sorie binuclear, t r i ncc l ea r  and condensed r ing  systems, are l i s t e d  i n  

The most obvious 
- a r i e b l e  apnears t o  be the r i n z  proton ccncentration, or number of =CH osc i l l a to r s  
Ter ring. 
:im aF3ears t o  be monotonic, as siiown i n  F i ? g r e  2. A l i nea r  re la t ionship  between 
inter.sit:: and r i n z  ?raton ccncentration was observed fo r  phenyl rings (benzene 
derivatiyies and nolJThenyls), as shown i n  Figure 3. 
run i n to  the  origin,  which susgests that some other type of vibra t ion  i s  making a 
constant contribution per phenyl r ing  t o  the  t o t a l  i n t ens i ty  i n  the  combination band 
rezian. 

Obviously the  t o t a l  a b s o p t i o n  varies narkedly with 

m -  i ao le  I by individuals, and i n  Table I1 by avera-zes f o r  r ing  ty-pe. 

The re la t ionship  between inteqrated in t ens i ty  and r ing  proton concentra- 

The p lo t  f o r  phenyls does not 

Polynuclear hydracarbons f a l l  on a l i n e  with a s teeper  slope, which does 
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extrapolate t o  the  or ig in .  
appear t o  f a l l  on a l i n e  of intermediate slope, but t he re  are insuf f ic ien t  data on 
t h i s  group a t  the present t o  j u s t i f y  a s t r i c t l y  l i nea r  p lo t .  
abso-tion i n  hexasubstituted benzenes i s  a constant measure of ske le t a l  o r  other 
nhenvl rinq vibrations,  a f a i r l y  constant i n t e n s i t y  of about 100 (cm-2 e mole-1) Ter 
proton i n  pendent phenyl rings and 75 Per proton i n  i n t e r i o r  rings is obtained in  
the  polyphenyls as shown i n  lkb le  111. 
phenyl rings a re  considered t o  be pendent while the  remaining i n t e r i o r  phenyl rings 
a re  assumed t o  contribute only combination tones of =CH osc i l l a to r s  i n  the  1650- 
m o  cm-1 region. 

Substi tuted naphthalenes and dinuclear heterocyclics 

Assumins that the 

In the  polyphenyls only the  terminal 

The e f f ec t s  of sone po la r  and other r ing  subs t i tuents  on the  aromatic absorp- 
t i o n  in t ens i ty  in  this reZion are l isted i n  Table N. 
display wertones i n  t h i s  region, as exemplified by the  spectrum o f  styrene with 
an increased absorption a t  1820 cm-I compared with i ts  brominated derivative,  
shown i n  Mgwe 4. 
e q m l  to an aronat ic  =CH o s c i l l a t o r .  

Olefinic double bonds 

The i n t e n s i t y  per o l e f in i c  =CH o s c i l l a t o r  is approximately 

Additional bands are observed i n  the  spec t ra  of monosubstituted benzenes i n  
so lu t ion  i n  an ine r t  solvent,  as shown i n  Figure 5, f o r  pure tert .  butylbenzene 
and f o r  a 10-fold d i lu t ion  i n  carbon te t rachlor ide  run at equivalent pathlengths 
times concentration. The two highest  frequency bands spli t  i n t o  doublets. A 
sugzested assignment f o r  each of these doublets (which were observed i n  the  spectra 
of near ly  a l l  monosubstituted benzenes) as combinations of fundamentals i s  Given 
f o r  a f e w  cases i n  Table V. p i t  s u f f i c i e n t l y  high reso lu t ion  some s p l i t t i n g  can be 
observed even in undiluted compounds (dotted l i n e  of Figure 5). 
Discussion 

There appears t o  be l i t t l e  doubt t h a t  the in tegra ted  absorption in t ens i ty  of 
a rona t ic  hydrocarbons i n  t h e  1650-xxx, cn-l  region i s  a monotonic f'unction oi the 
rini: proton concentration, as depicted i n  Fi,o;ure 2. This observation i s  a t  
variance with the apparent constancy per ring, independent of degree of subs t i tu -  
t ion ,  r e p o ~ e d  by Bornstein (2) f o r  a number of alkylbenzenes. Bomstein's data, 
however, does show a s i p i f i c a n t  va r i a t ion  of i n t ens i ty  with subs t i tu t ion .  His 
K values f o r  benzene/mono/di/trialkylbenzenes a r e  i n  the  r a t i o  of 1.6/1.2/1.06/ 
1.0, compared with r a t i o s  of inte-gated i n t e n s i t i e s  i n  this paper of 1.7/1.35/ 
1.1511.0. 
t i o n  range, backp-ound assumptions, types of compounds and instrument performance.) 
Bornstein stated that naphthalenes have d i f fe ren t ,  presumably higher, K values, 
r e f l ec t ing  perhaps a higher r ing  proton concentration. Therefore the  apparent 
constancy observed by Bomstein f o r  absorption i n  the  1700-2000 
independent of degree of subs t i t u t ion  holds only because h i s  data were r e s t r i c t e d  
t o  a r e l a t i v e l y  narrow range o f  ring proton Concentration, perhaps 1.5 t o  2 fold,  
cozpared with the 12-fold range explored i n  t h i s  study. 

(Differences between the  two s e t s  m y  r e f l e c t  differences i n  in t e ,qa -  

region 

There a l s o  appears t o  be l i t t l e  doubt that the  absorption due t o  phenyl r i q s  
is  a l i n e a r  h n c t i o n  of ring proton content in both mononuclear hydrocarbons and 
polyphenyls, as shown i n  Figure 3. The in te rsec t ion  of this p l o t  above zero on 
the  ordinate can be in t e rp re t ed  as evidence of a background absorption of about 
130 cn-2 1 mole-l, assoc ia ted  with r i n z  s k e l e t a l  vibrations i n  pendent Dhenyl 
rings.  
sists of a contribution of 260 cn-2 
contribution of approximately 75 cm-2 .e mole-1 f o r  each r ing  proton, o r  a t o t a l  
i n t e n s i t y  of l 9 l O  cm-2 4 mole-1, compared with an observed value of 2080. 
l i n e a r  ? l o t  of the l65O-2OOO cm-1 absorption in t ens i ty  aga ins t  r i ng  proton concen- 
t r a t i o n  which extrapolates t o  zero (Figure 3) was observed f o r  polynuclear hydro- 
carbcns and condensed r i n g  system, which sugcests that all the in t ens i ty  i n  t h i s  
region i n  constrained riw systems is  due t o  r i n g  protons, with an average 

The t o t a l  169-2000 c m - 2  absorption i n  m-quinquephenyl, fo r  exauple, c m -  
mole-1 f o r  t he  two pendent rinqs, plus a 

A 
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i n t ens i ty  per proton of about 130 cm-2 l mole-I. For example the  integrated absorp- 
t i o n  in t ens i ty  of 20-methylcholanthrene i n  the 1650-zwo cm-l region was found t o  be 
1168 l mole-1 (Table I ) ,  equivalent t o  a value of 8.9 arcrmatic protons per 
molecule, comgared with a formula value of 9. 

Rubrene would present a complex case, since it contains 4 phenyl r ings  attached 
t o  a naphthacene skeleton. 
Conpound (not yet measured) the  lover and upper limits of numbers of aromatic protons 
Per molecule would be estimated by in f r a red  t o  be 24 t o  30, compared with a formula 
value of 28. 
(Provided the  molecular weight is known) t o  within f. lo$ of the  formula value of 
the infrared technique of this paper. 

If the  i n t e n s i t y  r e h t i o n s  in  Table I1 apply t o  t h i s  

A reasonable expectation i s  the  determination of aromatic protons 

On the  basis of in tegra ted  i n t e n s i t y  measurements, it appears reasonable t o  
include a band near 1620-1640 i n  para alkylbenzenes with the  combination tones. 
Its inclusion on a frequency basis has already been j u s t i f i e d  by lWhiffen(4). 

Sha-ening o f  peaks and s p l i t t i n g  of bands w e r e  observed f o r  monoalkylbenzenes 
and other aromatics, as depicted i n  Mgures 1 and 5. 
i n t ens i ty  was found t o  be e s s e n t i a l l y  constant i n  the range 0.5 molar t o  6 molar 
(approximately 10 times diluted,  and undiluted). 
the  two hiShest frequency bands of t h e  1650-2000 cm-I  set, near 1860 and 1945 cm-l ,  
have been d e s i e a t e d  as i+h and h+j, summation tones by "Jhiffen (4) .  
su f f i c i en t ly  high r e s s lu t ion  partial s 2 l i t t i n g  of one or both of these  bands can 
be observed. More complete s p l i t t i n g  was observed i n  non-interacting solvents 
such as hexane, carbon te t rachlor ide  and carbon d i su l f ide  and the peaks were found 
t o  be narrower. 
sunmation band but t he  three remaining peaks a t  1880, 1938 and 1955 cm-I appear 
t o  be, respectively, i+j, 2h and 23 bands. L i t t l e  or  no s p l i t t i n g  was observed i n  
solutions i n  chloroform and methylene chloride. 
these solvents (and t h e  r ing  proton of undiluted aromatics) i s  ab le  t o  complex with 
the  rl electron o r b i t a l s  of the  nonosubstituted benzene ring i n  such a way as t o  
cause the  s p l i t  bands t o  overlap and merge i n t o  broader bands. 

The t o t a l  1650-2000 cm-l 

I n  t he  monosubstituted benzenes 

Under 

The 1865 cm-1 peak of monoalkylbenzenes apparently i s  an i+h 

Presumably the  ac id i c  hydrogen i n  

It i s  gossible t o  estimate t h e  a r o m t i c  proton content of compounds (benzenoid 
and heterocyclics) fron the  inf ra red  absorption i n t e n s i t y  i n  the  1650-NO cm-I 
reZion usin!: averaxe i n t e n s i t i e s  (cn-2 E mole-1) f o r  each ring proton of 100 f o r  
mononuclear, 120 for dinuclear, and 130 f o r  polynuclear hydrocarbons. The number 
3f r ing  protons i s  then the  t o t a l  1650-2000 cm-1 i n t e n s i t y  divided by the  appro- 
p r i a t e  un i t  value. As i n  any spectroscopic measurement, t he  molecular weight 
nust be known t o  car ry  out t h e  ana lys i s .  Interference by o le f ins  can be handled 
5g se lec t ive  broinination o r  hydrogenation. The in t ens i ty  of styrene (which con- 
t a ins  a conjugated double bond) i n  this  region was found t o  be equivalent t o  7 
protons. 
equivalent t o  5 protons, demonstrating se l ec t ive  disappearance of an i n t e r f e r ing  
croup without disturbing t h e  r i n s  proton contribution. 

After bromination (cf.  Figure 4) t he  i n t e n s i t y  was observed t o  be 
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Table 11. Averaze I n t e n s i t i e s  by Rin3 Type of Aromatic Hydrocarbons 
i n  the  l65O-2000 cn-1 reZion. 

Coqound Type 
(and IIumber) 

Xexa -alkylbenzene 
Penta-alkylbenzene 
Tetra -aU.ylbenzene 
Trialkylbenzene 
Dialkylbenzene 
Monoalkylbenzene 
D i a  UglnaFhthalene 
Dinuclear 
Polynuclear 
Polynuclear 
Polynuclear 
Polynuclear 
Pol jT:?enyls 

No. oi Ring 
Protons 

0 
1 
2 
3 
4 
5 
6 
7 
8 
3 
10 
12 

10-22 

Total  
In tens i ty  

130 
180 
29 5 
360 
415 
485 
725 
790 
1055 
1160 
1290 
16 10 

(Table I )  

In tens i ty  per  Ring Proton Average 

--- 
180 
147 - 
119 104 104 (Mononuclear) 

aIncludiny soFe heterocyclics.  

Table 111. I n t e n s i t i e s  or  Mononuclear &omt ic s  and Polfihenyls 
i n  the  1650-2000 cm-1 ReZion. 

I!urnber of 
Rin? Protons 

1 
2 
3 
4 
5 
6 
10 
18 
22 

Total  
In tens i ty  

180 
29 5 
300 
415 
495 
6 10 
1070 
1710 
2080 

N e t  
Intensit)+ 

50 
16 5 
230 
28 5 
355 
480 
810 
1450 
1825 

I n t e n s i t y  per  
R i x  Proton 

50 
83 
77 
71 
7 1  
80 
81 
81 
83 

W e t  i n t e n s i t y  equals tq ta l  i n t e n s i t y  minus a background o r  
s k e l e t a l  v ibra t i sn  value of 130 
Dendent a r o r a t i c  rin-;. 

cn-2 1 mole-1 f o r  each 
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Table IV. In t ens i ty  Effec ts  of Polar and Olefinic Substituents 
on the  Aromatic Absorption i n  the  

. 1650-EQOO cm-1 Region. 

Substi tuent Ring Proton Equivalent 

Electron Donatins Group 
Chlorine L i t t l e  Change 
Nitro + 2 protons 
Side chains conjugated double bond + 1.5  t o  2 protons 
Isolated o l e f in i c  double bond + 1 .5  t o  2 protons 

+ 1.5 t o  2 protons 

Table V. Frequencies of Absorption mnds of Monosubstituted 
€?enzenes i n  =CH Out-of-Plane Deformation and 

f 
-3 
i 
h 
j 

0 

t3+i 

E+h 

i+h 

i + J  

2h 

23 

0 

0 

0 

0 

0 

Average 

751 
837 
908 
962 
982 

1742 
1745 
1797 
1819 

1865 
1870 
1880 
1890 

1938 
1924 

1955 
1964 

Sumnation Regipns . 
Toluene C h l o r o b e n z  

Fundamentalsa 

728 740 
844 830 
895 902 
966 96 5 
982 985 

Summation Bands 

1731 1731 
1739 1732 
1797 1788 
1810 179 5 
1853 1861.5 
1861 1867 
1869 1882 
1877 1887 
1937 . 1941.5 
1932 1930 
1955 1962 
1964 1970 

aFundamentals from Reference 4. 

o = Observed frequencies i n  carbon te t rachlor ide  
solution, 0.5 molar. 

I' 
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Captions for Fi-6 

Mgure 1. Spectra of aromatic hydrocarbons i n  1650-XXx, cm-l region a t  0.5 molar 
concentration i n  carbon te t rachlor ide,  0.5 nun. path length, compensated 
with solvent i n  reference beam. 

1650-ZQOO cm- l  region a6 a f'unction of ring proton concentration. 

hydrocarbons in 16.650-mOO c m - l  region a6 a function of ring proton 
concentration. Polynuclear 

=,We 2. Integrated i n t e n s i t i e s  ( a - 2  8 mole-1) of aromatic hydrocarbons i n  the  

Me;uR 3. Integrated i n t e n s i t i e s  (cm-2 8 mole-1) of mono and polynuclear aromatic 

x Dinuclear 
Mononuclear and Polyphenyls 

figure 4. Spectra of styrene - and brominated der ivat ive --- i n  1650-2000 cm-' 

MguR 5. Spectra of t e r t .  butylbenzene i n  1650-2000 an-1 region. 

region at 109 v/v i n  carbon te t rachlor ide,  1 m. path length. 

- undiluted, 0.1 m. path, run a t  9 cm-l resolut ion 
. - *  (of fse t )  undiluted, 0.1 m. path, run at 1,5 cm- l  resolution --- 10% v/v i n  carbon te t rachlor ide,  compensated, 1 nun. path, run a t  

1 .5  cm-1 resolution. 
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